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Abstract The size effect has its origin in fracture
mechanics and describes the formation as well as
propagation of cracks in brittle and solid materials in
dependence of the specimen size. However, the size
effect in concrete spalling describes the damage
behaviour on a macroscopic scale for different sized
specimens in case of fire. Concrete spalling is a very
complex and yet not fully understood phenomenon. To
reduce the effort of fire tests to analyse the spalling
behaviour of concrete mixtures, this study investigates
the susceptibility to spalling for six different concrete
mixtures and three specimen sizes. The sizes were
divided in full scale slabs (1.8 m x 1.2 m x 0.3 m),
intermediate scale cuboids (0.6 m x 0.6 m x 0.3 m)
and small scale cylinders (30.15 m x 0.3 m). For this
purpose, a novel test set-up was built to test six
intermediate scale or twelve small scale specimens
simultaneously to ensure a similar heating regime for
every specimen. All specimens were fire exposed on
one side and remained unrestrained. A size effect
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occurred for four of the six concrete mixtures.
Compared to the full scale specimens the spalling
was reduced significantly for all smaller specimen
sizes. Additionally, spalling did not occur for the small
scale specimens. The results show that the specimen
size is an essential parameter to investigate the
susceptibility to spalling of a concrete mixture. For
future investigations the testing conditions must be
adjusted for the intermediate scale specimens to
recreate the conditions of the slabs.

Keywords Concrete - Spalling - Size effect - Fire
test

1 Introduction

Ordinary concrete (OC) is a fundamental and versatile
material in the building construction industry and one
of the most common material in civil engineering.
Specifications of applications require an adjustment of
concrete mixtures. Considering high performance
concretes (HPC) the application of high strength
concrete (HSC) enables a reduction of the cross-
section area maintaining a high load bearing capacity,
whereas self-compacting concrete mixtures (SCC)
show a good workability. Furthermore, complex
environments have special demands on concrete
members e.g. tunnel linings. All these concrete
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mixtures are prone for spalling in case of fire [1-4].
Spalling leads to an increase of the concrete temper-
ature in deeper parts of the member. Reinforcement
bars can be exposed to high temperatures which
decreases the load-bearing capacity. Kordina [5] gives
a tabular overview of explosive spalling due to
hazardous tunnel fires over the last century. The
table includes the probable cause of the fires, the
number of involved vehicles that burned off and the
measured spalling depths. During these fires, thermo-
hydraulic and thermomechanical processes are com-
monly accepted as the two main damaging processes
that lead to explosive spalling. Hereinafter, both
damage mechanisms are explained for an infinite,
unrestrained, and unilateral heated concrete member.
Further, these processes are induced by a large
temperature gradient due to a low temperature
conductivity of the composite material.

1.1 Thermohydraulic damage mechanism

Concrete has different types of bound water. The
amount of free and physical bound water depends
mainly on the water-cement ratio and the curing
conditions. Additionally, water is chemically bound in
the cement matrix of the concrete during the hydration
process of the cement. In case of fire and an increase of
the temperature, the different types of water vaporise
and are released at the fire exposed area. The
expansion of the steam is hindered by the limited
amount of pore space and the continuous vaporisation
process leads to high water vapour pressures inside the
concrete. Due to the temperature gradient, the water is
vaporised only near the fire exposed surface and a
pressure gradient forms between the location of the
phase transformation and deeper parts of the member.
Therefore, a pressure induced steam flow occurs
within the capillary pore system [6]. However, in
deeper parts of the member the water temperature is
beneath the point of vaporisation and the steam
condenses. The ongoing steam flow and condensation
process form an impermeable, saturated zone in a
certain depth. This area is called “moisture clog” [7].
The pore pressure increases in these cooler regions of
the member due to the continuous income of steam. As
a result, local tensile stresses occur within the pore
system. These stresses lead to a formation of cracks in
the cement matrix that connect to a capillary pore

system. If these stresses exceed the tensile strength of
the concrete, explosive spalling occurs.

1.2 Thermomechanical damage mechanism

The concrete member reacts to the unilateral heating
with an expansion of its components. During the
heating phase, the cement stone dehydrates and
shrinks [8] while the aggregates expand continuously
[9]. This discrepancy results in the formation of
cracks. With an increasing temperature, the thermal
expansion of the concrete member is mainly influ-
enced by the aggregates. Due to the temperature
gradient, the expansion of the member decreases with
greater distance to the fire exposed surface. The
stiffness of the concrete hinders an expansion of the
member. This results in an increase of thermal induced
compressional stresses parallel to the surface and
transverse tensile stresses. Those tensile stresses
extend into deeper layers of the member. If the
stresses exceed the tensile strength of the concrete,
macroscopic cracks form and can result in spalling.

Both damage mechanisms proceed at the same
time. Also, the thermomechanical induced cracks
enable the thermohydraulic induced steam flow inside
the concrete member. It is difficult to separate both
mechanisms because measuring instruments inside a
specimen affect the initial damaging behaviour.
However, the combination of the two mechanisms is
generally accepted as the main factors for explosive
spalling.

1.3 Size effect

The investigation of the specimen size as an indicating
factor for the degree of damage has its origins in
fracture mechanics [10]. Ozbolt [11] found that the
fracture propagation and the released energy are
fundamental parameters to analyse the fracture
behaviour of concrete specimens. In fracture mechan-
ics the size effect is described by “type 1” and “type
2” size effects, depending on the tested material and
crack size [12]. Primarily investigations on torsional
failure of plain and reinforced concrete beams display
size effects for three different specimen sizes with a
constant length to cross-section ratio of 8/3 [13]. The
results show a decrease of the nominal stress at point
of failure with an increasing specimen size. However,
in concrete spalling the additional thermal stresses
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result in even more complex damaging processes that
are unique for every tested concrete. A categorised
description of the damaging processes and concrete
spalling is part of current research. Table 1 shows
different publications of single-sided fire tested con-
crete specimens for one specimen size and compara-
tive multi-scale studies. It is not possible to investigate
the size effect by comparing small scale specimens
[21, 22], intermediate scale specimens [23, 24] and
large members [25] provided by different studies. The
spalling of the specimens increases while comparing
these studies of small scale specimens [21] and full
scale members [25]. However, the usage of different
concrete mixtures, fire curves, curing conditions as
well as restraints and loadings, prohibit a comparison
regarding the effect of the specimen size on the
spalling behaviour.

Thus, several research groups investigated the
spalling behaviour including size effects, whereas
only three displayed publications considered all three
specimen sizes (full scale members, intermediate scale
slabs, small scale specimens) [14-16]. All these
studies show more severe spalling due to an increase
of the specimen size for the same concrete mixture.
However, the comparability of the spalling depths is
limited by varying testing conditions for the different
specimen sizes. In the study of Ali et al. [16] four
specimen sizes (3.38 m x 3.38 m x 0.2 m, 1.075 m x
1.075m x 02m, 1 m x 0.4 m x 0.4 m and @0.1 m;
h = 0.2 m) including different aggregate sizes were
investigated. The large scale and medium scale
specimens were tested with a single-side fire exposed
surface. The smaller columns and cylinders were set
inside the furnace and therefore, fire exposed on more
than one side. Additionally, the age of the specimens at
the day of the fire tests had a large variance for every
specimen type, whereas the maximum difference was
596 d (44 d and 640 d). Thus, the strength properties of
the different specimens were too high to compare the

Table 1 Overview of different studies for one scale and multi
scale spalling tests for single sided fire tests

Specimen size One scale tests  Multi-scale tests

Full scale members [25] [14-19]
Intermediate scale slabs  [23, 24] [14-16, 19]
Small scale specimens [21, 22] [14-18, 20]

spalling behaviour during the fire tests. The study of
Bostrom et al. [14] is a complex investigation of
concrete spalling for four self-compacting concrete
mixtures, six tunnel lining mixtures, 9 specimen types
from small scale up to full scale. A comparison of the
spalling behaviour of each mixture is difficult due to
the varying restraints and loading conditions as well as
the multi-sided testing of the small scale specimens.
Guerrieri et al. [17] investigated the spalling behaviour
of a normal strength (28 d compressive strength: 25
MPa) and high strength (28 d compressive strength: 80
MPa) concrete mixture in dependence of different
specimen sizes (small scale: 0.3 m x 0.3 m and full
scale: 1.1 m x 1.1 m), different specimen thicknesses
(50 mm, 100 mm and 200 mm) without external
loading or restraints. The fire exposed area of the
specimens was reduced due to the test setup and a cold
rim occurred at the border of the specimens. The
results show that the specimen size has a large
influence on the spalling behaviour. Thus, the spalling
volume increases with an increasing specimen size,
thickness and compression strength. Unfortunately,
the difference of specimen sizes and spalling volumes
are too large to interpret and an intermediate scale
specimen size is needed to improve the significance to
the size effect [17, 18]. The research of Mohaine et al.
[15] investigated the spalling behaviour of four
different specimen sizes including passive restraints
on the small scale specimens to create similar stress
conditions compared to the center of a large concrete
member. Small cylinders (30.1 m; 2~ = 0.22 m), two
types of round specimens restrained by a steel ring
with sizes of @0.3 m; h = 0.11 m and #0.61 m;
h = 0.3 m as well as members that have a similar size
to the full scale member of this paper (1.7 m x 0.98 m
x 0.2 m) were tested. One concrete mixture that was
prone to spall during the fire tests was used for all
specimens. The full scale specimens were tested
unloaded and loaded uniaxial in compression with
0.75 MPa. The results show a spalling depth of 144
mm and 114 mm for the ring restrained specimens
(@0.61 m; h = 0.3 m) while the loaded member had a
spalling depth of 105 mm. However, it is assumed that
the different placements of the reinforcement and
therefore, a smaller covering of the full scale member
have a significant influence on the spalling behaviour.

Based on the previous studies, the fire tests
presented in this contribution aim on the size effect
of six different concrete mixtures and three specimen



216 Page 4 of 14

Materials and Structures (2022)55:216

sizes under comparable testing conditions. Besides the
prior described effects of the multi-scale approaches,
the spalling behaviour depends on the concrete
composition as well. For instance, the water-cement-
ratio, the porosity as well as the permeability, the
presence of reinforcement, polypropylene fibres and
the type of aggregate can influence the impact of the
thermal induced damage [26]. Additionally, external
factors, for instance external restraints [15] or loads
[19], increase the spalling of a member compared to a
concrete that can expand freely.

2 Materials
2.1 Test set-up

To analyse the spalling behaviour of different spec-
imen sizes under comparable conditions, a novel test
set-up has been developed (Fig. 1) [27]. This test set-
up enables fire tests for a variety of specimen sizes.
Full scale slabs, intermediate scale cuboids and small
scale cylinders are tested in one furnace. Six interme-
diate scale and twelve small scale specimens are tested
simultaneously. The concrete specimens are mounted
to two I-beams using embedded anchor channels and
placed in a central position on top of the furnace.
Additionally, the remaining openings are enclosed
with fire-resistant concrete slabs. All concrete speci-
mens were tested unrestraint and without external
loading. Two oil burners are installed on both endings
of the furnace to simulate real fire scenarios up to

Stripe light projection frame

Oil-burner

Fig. 1 Overview model of the test set-up including an example
for the intermediate scale specimen size [27]

1200 °C for the different concrete mixtures. During
this project, two different fire curves were used to
carry out the spalling behaviour of two different areas
of application. Tunnel lining concrete mixtures were
tested with the RABT curve [28], and the construction
building concrete mixtures were exposed to the ISO
standard fire curve [29].

2.2 Concrete mixtures

Six concrete mixtures were developed to cover a wide
range of different applications in civil engineering
(Table 2). Two of these concrete mixtures (C1 and C2)
are used for tunnel linings. Both concrete mixtures
have similar ingredients. In case of C2, polypropylene
fibres (PP-fibres) are added to the fresh concrete
during the process of mixing. The fibres are a common
avoidance strategy for explosive spalling. Their mode
of action has already been investigated [30] and
Eurocode 2 recommends an addition of at least
2 kg/m?® PP-fibres to the fresh concrete mixture of
HPC [31]. Therefore, the comparison of mixture CI
and C2 complements previous studies that investi-
gated the influence of PP-fibres to avoid the occur-
rence of spalling. The four other mixtures (C3-C6)
represent different concretes for several applications.
The high strength concrete (HSC, C3) is a mixture that
was developed at BAM and its spalling behaviour was
already investigated [32]. Due to a low w/c ratio and
the high amount of silica fume additives (11% of the
cement weight), this mixture is very prone for
explosive spalling. Therefore, the expected spalling
behaviour of the HSC is perfect to evaluate size
effects. The concrete mixture C4 is a self-compacting
concrete and a HPC as-well. Hereby, the main
difference compared to other concrete mixtures is
limestone powder added to the fresh concrete. The
mixtures C5 and C6 are similar ordinary concretes and
differ only of coarse aggregates. Mixture C5 includes
quartzitic gravel and mixture C6 contains basalt. The
comparison of both mixtures focusses on the thermo-
mechanical influence of different thermal expanding
aggregates during the fire test.

2.3 Specimens

Three different specimen sizes are tested to evaluate a
size effect for all six concrete mixtures (Fig. 2). Full
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Table 2 Overview of the six concrete mixtures

Tunnel lining Tunnel lining  High strength Self-compacting ~ Ordinary Ordinary
concrete concrete concrete concrete concrete concrete
Cl1 C2 C3 C4 C5 C6
Type of material Amount of components [kg/m?]
Cement (CEM I 42.5 R) 320 320 580 300 270 270
Water 160 160 170 180 175 175
Fly ash 80 80 0 0 80 80
Silica fume 0 0 63.8 0 0 0
Limestone powder 0 0 0 301 0 0
Superplastiziser 3.52 11.2 14.5 8.55 2.7 2.7
PP fibres 0 2 0 0 0 0
(919.8 pm x 6 mm)
Aggregates (quartzitic)
0/2 mm 675 666 764 668 536 536
2/4 mm 160 158 229 116 285 513%
4/8 mm 231 228 535 116 339 158*
8/16 mm 711 702 0 652 624 711*
28 d Cube compressive 65 62 104 54 50 56
strength [MPa]
Fire curve RABT RABT 1SO834 1SO834 1SO834 1SO834

*Basaltic gravel

Fig. 2 Sketches of the a full scale specimens, b intermediate
scale specimens and ¢ small scale specimens with the fire
exposed areas

scale specimens (FS, 1.8 m x 1.2 m x 0.3 m),
intermediate scale specimens (IS, 0.6 m x 0.6 m x 0.3
m) and cylindrical small scale specimens (0.15 m x
0.3 m) are used to investigate the spalling behaviour.
All full scale and intermediate scale concrete

specimens include a steel reinforcing cage of struc-
tural steel bars. The diameter of the steel bars is 12
mm, the mesh width is 20 cm for the full scale
specimens and 16 cm for the intermediate scale
specimens. The concrete covering of the fire exposed
surface is 50 mm as well as on the outer sides of the
specimens. Due to their size, the small scale specimens
are cast without reinforcement. Thermocouples are
placed in depths of 5 mm, 50 mm, and 100 mm from
the fire exposed surface to evaluate the temperature
distribution inside the concrete specimens. For the full
scale specimens, thermocouples were distributed on
nine positions across the fire exposed surface (see
sketch of Fig. 7).

For the specimens of intermediate scale and small
scale the thermocouples are placed in the central
position. After casting, the full scale specimens
remained inside the formwork for one week, while
the intermediate scale and small scale specimens were
demoulded from the formwork after one day. After-
wards, every specimen was packed in plastic foil and
stored in the laboratory for at least 90 days. Two days
before the fire test, the specimens were unwrapped and
assembled to the supporting I-beams of the test frame.
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Six intermediate scale specimens or twelve small scale
specimens were composed for simultaneous testing.
The small scale specimens were mounted in a slab of
fire resistant concrete. All specimens were scanned
with a 3D scanning system before and after the fire
tests. To ensure the overlay of the 3D scan before and
after the fire test, a measuring frame with fixed target
points is assembled to the test frame mount (Fig. 1).
This provides two aligned 3D surface models to
examine the spalling depth and the spalling volume.

3 Results and discussion
3.1 Differential pictures

The fire induced damage of the concrete specimen
surfaces is displayed in detail in Figs. 3 and 4 with the
results of the 3D scans. The measurements of the fire
exposed surface were taken before and after the fire
test and show a vertical differential image. For this
purpose, the two recorded grids were overlaid with the

(a)

(c)

help of the stationary target points of the measuring
frame. Afterwards, the unidimensional difference
between the two grids along the depth of the concrete
members was calculated and displayed in a differential
image. These calculated differences represent the
spalling depth of the fire exposed surface. Addition-
ally, the spalling volume is estimated in relation to the
specimen volume before the fire test. After the fire
tests, the surfaces of the full scale specimens show a
different spalling behaviour for every concrete mix-
ture (Fig. 3). Four of six specimens spalled, whereas
the full scale specimen (FS) of mixture C3 was
affected the most and the full scale specimens of
mixtures C2 and C6 did not spall. Generally, the
results of the concrete mixtures C1 and C2 need to be
considered separately from the mixtures C3-C6. Due
to their fields of application, the fire curve of mixture
C1 and C2 was the RABT fire curve. Whereas the ISO
834 fire curve was used for the HSC, the SCC and
ordinary concretes (C3-C6). The spalling depth of
specimen FS C1 is relative uniform throughout the
surface. Almost the whole concrete covering spalled
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Fig. 3 Results of the 3D scans of the fire exposed concrete surfaces with overlayed colour plots of the spalling depth measured in
z-direction for the full scale specimens (Specimens FS C2 and FS C6 did not spall)
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Fig. 4 Results of the 3D scans of the fire exposed concrete surfaces with overlayed colour plots of the spalling depth measured in

z-direction for the intermediate scale specimens (IS C2 did not spall)

off and the first reinforcement layer in 0.05 m depth is
exposed. The PP-fibres in specimen FS C2 prevent the
fire exposed surface from spalling. The fluidised and
vaporised PP-fibres build up a system of connected
pores and the vaporised water is released through the
capillary pores. The thermohydraulic stresses are
reduced and the spalling of concrete fragments is
prevented. This result underlines the outcome of
previous works [24, 30, 33] that PP-fibres have a
positive effect on concrete spalling in case of fire. The
full scale specimen of mixture C3 shows a complete
fire damaged surface with an exposed reinforcement
layer. Three-quarter of the specimen thickness spalled
off in the centre of the fire exposed area. In this case,
the reinforcement prevented a collapse of the concrete
slab. The spalled area of FS C4 and FS CS5 is
pronounced in the centre of the heated area and the
spalling depth decreases from the centre to the edge of
the fire exposed surface. Thermal induced crack
systems that connect deeper parts of the concrete with
the surface occur in addition to spalling at the fire
exposed surface and on the sides of the specimen. At
the edges of the specimen, the vaporised water pours

out through the cracks on two surfaces and the pore
pressure reduces compared to the specimen centre.
However, the loss of bound water depends on the
concrete mixture. The mixtures C1 and C3 are more
dense compared to the mixtures C4 and C5. The dense
concrete mixtures C1 and C3 reduce the formation of
capillar pore systems and thus increase the risk of
thermohydraulic induced spalling at the specimens
edges. This phenomenon also occurs at the specimen
centre. Therefore, the corner and parts of the edge
spalled as deep as the centre regarding FS C1 and FS
C3 (Fig. 3). On the other hand, the specimens FS C4
and FS C5 have a less dense structure and the results
show a reduction of spalling towards the edges.
However, for the concrete slab FS C6 no spalling
occurred during the fire test. A further discussion on
this topic follows in Sect. 3.5. The spalling of the
intermediate scale specimens is reduced compared to
the full scale specimens (see Figs. 3 and 4). This is an
effect of a reduced specimen size that leads to smaller
thermomechanical stresses at the surface compared to
the full scale specimens. The differential pictures
show that the specimen IS C3 is damaged the most
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during the fire test and the first reinforcement layer is
exposed. The damages at the surface of specimens IS
C4, IS C5 and IS C6 are very similar (Fig. 4) and
comprise less deep spalling compared to IS C3.
Interestingly, the spalled surface area of the interme-
diate scale specimens appears similar to the full scale
specimens of the same mixture. But, the overall
thermal damage of the intermediate scale specimens is
less and spalling is located around the specimen
centre. Contrary to the full scale and intermediate
scale specimens, spalling did not occur for the small
scale specimens. The fire exposed surface area of the
small scale specimens conducts approximately 20 %
of the corresponding surface of the intermediate scale
specimens. Therefore, the stiffness of the small scale
specimens is less compared to the intermediate scale
specimens, that leads to more homogeneous expan-
sion. Additionally, thermal induced cracks occur at the
fire exposed surface and on the shell surface of the
cylinder. The vaporised water pours out of the
specimen and thermohydraulic stresses are reduced.
All these factors prevent the spalling of the small scale
specimens for all concrete mixtures of this test series.
Considering all tested specimens, a size effect occurs
for four of the six concrete mixtures with a decreasing
fire induced damage due to a reduction of the specimen
size.

3.2 Spalling depth distribution

The normalised spalling depth distribution are shown
in Figs. 5 and 6. This distribution enables a quantita-
tive analysis of the fire induced spalling using the
surface plots. For this purpose, a histogram of the
spalling depth with a bar width of 5 millimetres was
generated. Thereby, the data was normalised by the
fire exposed surface and displayed in a diagram. High
relative frequencies represent a large area of the
specimen that spalled off to this depth. The histograms
are a complementation to the differential pictures,
especially to examine surface areas with the same
spalling depths for each concrete mixture. All plots for
the full scale specimens have different distributions.
The concrete mixture for tunnel linings (FS C1), the
HSC (FS C3) and the ordinary concrete with quartzitic
gravel (FS C5) show a peak at the first reinforcement
layer around 50 mm depth from the fire exposed
surface. Additionally, the mixtures FS C1, FS C4 and
FS C5 comprise a peak within 20 mm depth. These
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Fig. 5 Normalised spalling depth distribution of the full scale
(FS) concrete specimens

high relative frequencies represent large areas that
spalled off up to this certain depth. Therefore, FS C1
and FS C5 show a homogeneous spalling behaviour
with pronounced peaks in two different depths. After
their first peak, the spalling depth distribution of the
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Fig. 6 Comparison of the normalised spalling depth distribu-
tion of the intermediate scale (IS) concrete specimens

mixtures FS C3 and FS C4 indicate a funnel-shaped
specimen surface with large spalling depths in the
specimens centre. The results of the full scale and
intermediate scale specimens show that a reduction of
the specimen size lead to a shift of the relative
frequency values to lower spalling depths. Four of the
five displayed mixtures (IS C1, IS C4-C6) show high
peaks of relative frequency within the first 15 mm and
a strong decrease afterwards. Only the plot of spec-
imen IS C3 comprises spalling beyond the first
reinforcement layer and a similar distribution in
comparison to the full scale specimens. Therefore,
the histograms underline the reduced spalling beha-
viour of intermediate scale compared to the full scale
specimens.

3.3 Spalling volume

The results of the 3D scans provide even more
quantitative information. Table 3 shows the absolute
spalling volume [dm?], the spalling volume related to
the fire exposed area [dm® m~2], the ratio between
spalled and total volume [%] and the maximum
spalling depth [mm] of the specimens that are shown
in Figs. 3 and 4. The highest spalling volume and
maximum spalling depth for the full scale specimens
was recorded for the HSC. The second most spalling
volume occurred for the SCC followed by the concrete
for tunnel-linings and the ordinary concrete with
quartzitic gravel. To point out a size effect, it must be
considered that the volume of the intermediate scale
specimen is six times smaller than the full scale
specimen. The results for the concrete mixtures that
were affected by spalling in both sizes show that the
absolute spalling volume is reduced with decreasing
specimen volume. Additionally, the difference of
absolute spalling volume within a mixture is at least
2.5 times higher than the difference in specimen
volume. However, a size effect is only carried out if at
least two different sizes of one mixture are affected by
spalling. Due to the usage of PP-fibres, no spalling
occurred for mixture C2 for all tested specimen sizes.
Additionally, the full scale specimen and small scale
specimens of the ordinary concrete with basaltic
gravel did not spall. In this scenario, only the
intermediate scale specimens spalled. This is further
discussed in Sect. 3.5. Considering the other results of
the mixtures C1, C3, C4 and C5 spalling is carried out
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Table 3 Overview of the spalling depths and volumes for the full scale and one intermediate scale specimen of all concrete mixtures

Specimen Full scale

Spalling volume

Maximum spalling depth

Specimen Intermediate scale

Spalling volume

Maximum spalling depth

[dm’] [dm®/m?] [%] [mm] [dm®]  [dm’/m?] (%] [mm]
C1 925 428 143 189 Cl1 3.5 9.8 33 44
C2 - - - - Cc2 - - - -
C3 2458 113.8 37.9 226 C3 13.8 383 12.8 93
C4 104.6 484 16.1 143 C4 2.5 7.1 24 29
C5 556 258 86 76 (03] 22 6.1 20 39
C6 - - - - Co6 1.0 2.7 09 34

with two of the three tested specimen sizes. On the
other hand, the spalling volume depends on several
parameters. These are the specimen size, pore pres-
sure, permeability, the age effect and moisture
content, see [2, 34]. Besides the specimen size, the
influence of the other factors was not addressed within
this study. The results show that a size effect exists but
there are too many unknown variables to summarise it
with one factor. Additionally, none of the smaller
specimens display the same spalling behaviour of the
next larger specimen size. Therefore, it can be
concluded that the small scale specimens are to small
to assess the spalling behaviour of different concrete
mixtures. In case of the intermediate scale specimens,
further adaptions to the testing conditions must be
carried out to achieve results comparable with the full
scale specimen. The improvement of the test condi-
tions for the intermediate scale specimens are part of
an ongoing research.

3.4 Fire damage propagation

The 3D scans are limited to the surface of the
specimens. Thermocouples show the temperature
distribution and therefore deliver insight information
about the propagation of the thermal damage. Due to
the low temperature conductivity, a large temperature
gradient forms within the concrete specimens. The
loss of concrete covering due to spalling leads to
higher temperature in deeper parts of the member.
Therefore, the temperature distribution of a concrete
specimen is strongly influenced by the spalling
behaviour. Figure 7 shows the temperature distribu-
tion for the full scale specimen with the highest

spalling volume (FS C3, HSC) and the specimen
without spalling (FS C6, OC with basaltic aggregates).
Within the first 5 min of the fire test, the temperature
distribution at 5 mm from the fire exposed surface is
similar for both mixtures (Fig. 7). Afterwards, the
temperature of FS C3 increases about 500 K during 10
minutes, whereas the temperature of FS C6 increases
about 50 K. Therefore, spalling occurred for FS C3
and at least 5 mm concrete covering spalled off. The
resulting concrete covering is reduced for the thermo-
couples of FS C3 in 50 mm depth and thus, the
temperature increases faster compared to the FS C6
with an intact covering. Additionally, both specimens
show temperature plateaus at 100 °C for this depth.
The liquid water vaporises under normal pressure at
this temperature. The vaporisation of the water is an
endothermic process and the thermal energy of the
surrounding material is used for the phase transition.
The duration of the temperature plateau depends on
the water volume and energy input for the vaporisation
process at the thermocouple in this depth. After a
complete vaporisation of the fluid water, the thermal
energy leads to an increase of the temperature again.
Due to continuous spalling, the temperature plateaus
of FS C3 in 50 mm and 100 mm depth from the fire
exposed surface occur faster and have a shorter
duration compared to FS C6. The plots show the
importance of the insulating effect of concrete cover-
ing. Further, the temperature increases in larger depths
of the concrete in a shorter period of time if the
concrete covering spalled off. Previous presented
results showed that a reduction of the specimen size
lead to reduced spalling for specimens of the same
mixture. Figure 8 displays the temperature profiles for
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Fig.7 Temperature profiles of the full scale specimens for a the
high strength concrete that included spalling and b the ordinary
concrete with basaltic aggregates without the occurrence of
spalling. The diagrams include smoothed temperature distribu-
tions for thermocouples without concrete covering

the intermediate scale specimens of the same concrete
mixtures as displayed in Fig. 7. The temperature plots
of mixture C3 show a similar distribution for the two
temperature gauges in 5 mm and 50 mm depth from
the fire exposed surface but a smaller temperature
increase for the intermediate scale specimen in 100
mm depth. The main difference is that the intermediate
scale specimen does not built up a temperature plateau
at 100 °C. The smaller fire exposed surface and the
cracks at the side of the specimens lead to a faster loss
of bound water and a faster temperature increase. This
distribution is similar to the thermocouples of the full
scale specimen C3 in 100 mm depth at the measuring
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Fig. 8 Temperature profiles of the intermediate scale speci-
mens for a the high strength concrete and b the ordinary
concrete with basaltic aggregates including smoothed temper-
ature distributions for thermocouples without concrete covering

points 6 and 9. Both thermocouples are placed near the
specimen side and the loss of bound water lead to a
temperature increase without plateau. Another differ-
ence is the higher maximum temperature in 100 mm
depth of the full scale specimens compared to the one
of the intermediate scale specimen in the same depth at
the end of the fire test. An increase of the spalling
volume leads to higher temperatures for larger spec-
imens and thus, a size effect is also displayed in the
temperature diagrams. However, the intermediate
scale specimen C6 (IS C6) shows small spalling
depths and an intact covering of the reinforcement
bars. But, the maximum temperature in 50 mm depth
of IS C6 (compare Figs. 7 and 8) is 100 K higher than
the corresponding temperature of the full scale
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specimen of mixture C6. This shows that even small
spalling depths have a marking influence on the
temperature penetration insight the test specimens.
This in turn leads to higher temperatures of the
reinforcing steel and thus to an earlier loss of load
bearing capacity.

3.5 An inverted size effect

For four concrete mixtures (C1, C3-C5) a size effect
has been displayed within the results of this study.
Spalling occurred for the intermediate scale specimens
if full scale specimens spalled as well. The only
exception is the concrete mixture with basaltic aggre-
gates. Here, the full scale specimen shows a surface
with large connected macroscopic cracks and almost
no spalling (Fig. 9). Whereas the intermediate scale
specimens spalled with a total spalling volume of 1
dm® each. This result is contrary to the spalling
behaviour of the other five concrete mixtures. It is
assumed that the curing of the full scale specimen of
mixture C6 is different to the intermediate scale
specimen due to the inconsistent test results. The
condition of a concrete specimen at the day of the fire
test depends on several factors. The age of the
specimen, the compressive strength at the day of the

(@) o FS C6

Fig. 9 Displaying the different spalling behaviour of a the full
scale (FS) and b the intermediate scale (IS) concrete specimens
of the concrete mixture C6

fire test and the moisture content due to the storage
conditions have an impact on the occurrence of
spalling. In this case the storage time and compressive
strength of both specimen sizes were similar. The
storage conditions were slightly different.

The full scale specimen was demoulded one week
after the casting and sealed in plastic foil afterwards.
The intermediate scaled specimens were demoulded
just one day after casting and subsequently covered
with a thin, moist crepe paper to prevent shrinkage
cracks and also wrapped in plastic foil. The moisture
content was determined with small cylinders (0.1 m
x 0.3 m) that were manufactured simultaneously with
the fire tested specimens. Those cylinders were
demoulded after one day of casting and sealed in
plastic bags without further water content and stored
next to the large scale specimens. The moisture
content was measured on the day of the fire test. The
results show a reduced moisture content in the batch of
the full scale specimen compared to the intermediate
scale specimens. This is a possible factor that spalling
did not occur for the specimen FS C6.

4 Conclusions

The mixtures shown in this study present a broad range
of applications of concrete in civil engineering.
Considering all specimen sizes, five of the six concrete
mixtures spalled during the fire tests. The specimen
size affects the maximum spalling depth and the
spalling volume. The results show that spalling is
reduced for the intermediate scale specimens com-
pared to the full scale specimens. None of the small
scaled specimens spalled. A reduction of the specimen
size and thus a reduced fire exposed surface change the
characteristics of the thermal induced damage mech-
anisms. The ratio of the surface area to the thickness of
the specimen decreases from full scale specimens to
small scale specimens. Due to the large temperature
gradient, a reduced stiffness and the unrestraint test
set-up, the expansion of the intermediate scale spec-
imens and small scale specimens lead to lower thermal
stresses compared to the full scale specimens. Addi-
tionally, macrocracks occur at the fire exposed and the
shell surface of the small scale specimens. The
vaporised water escapes through the cracks and the
thermohydraulic damage is reduced. Further, two
similar concrete mixtures for tunnel linings were
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tested. PP-fibres were added to the fresh concrete for
one mixture. As a result, the PP-fibre reinforced
concrete did not spall. This underlines the positive
influence of the PP-fibre to prevent spalling. All
specimens of the mixture without fibres were affected
by spalling, while none of the specimens with PP-
fibres spalled. The full scale specimen of the ordinary
concrete mixture with basaltic aggregates showed no
spalling, while the smaller intermediate scale speci-
men spalled. In this case, a lower moisture content for
the larger specimen is a possible explanation for
reduced thermohydraulic stresses. The thermal stres-
ses are to low to induce spalling. However, this study
shows that size effects exist but more fire tests are
needed to identify a measurable factor for the spalling
of different specimen sizes. The results display a
significant difference in spalling between the full scale
and intermediate scale specimens. The test set-up of
the intermediate scale specimens must be adjusted to
achieve comparable stress conditions between the
intermediate scale specimens and the central surface
of the full scale specimens. For future investigations a
restrained test set-up for the intermediate scale
specimens should be implemented to the fire tests to
provide a more realistic illustration of larger members.
This problem will be addressed in further research.
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